Vaccinia virus, a member of the poxvirus family, transcribes and replicates its 187,000-base-pair linear DNA genome in the cytoplasm of infected cells (22) . Gene expression is temporally separated into pre-and postreplicative phases. Considerable information exists regarding the structure and synthesis of early mRNAs. These transcripts are of discrete length (10) with a methylated cap structure at the 5' end (38) and a poly(A) tail at the 3' end (15) . There is no evidence for endo-or exonucleolytic processing of early mR?NA: the initiating nucleotide forms part of the mature cap structure (37) . The 3' end appears to form by a termination mechanism (30, 34, 35) , and splicing has not been observed. DNA sequences forming the early promoter (8, 41 ; A. J. Davison and B. Moss, manuscript in preparation) and termination signal (45) have been identified.
In comparison with the information cited above, much less is known about late transcription. Kinetic studies have suggested that at least two classes of mRNAs may be synthesized after DNA replication (24, 28) . Accumulated evidence indicated that late mRNAs are heterogeneous in length (10, 11, 17) , can form complementary duplex structures (7, 9) , and are polyadenylated (25) and capped (5) . The length heterogeneity, as well as the high sequence complexity of late RNA (6, 16, 26, 27) , evidently results in part from the failure of late transcripts to stop at early termination signals (45) . Unlike early mRNAs, which have cap sequences m7G(5')pppN1pN2
, where N1 is 2'-O-methylated adenosine or guanosine and N2 is any of the four ribonucleosides in 2'-O-methylatedc or unmethylated form, late mRNAs have predominantly adenosine residues in methylated or unmethylated form in both the N1 and N2 positions (5) . The subsequent nuclease Si mapping of the 5' ends of late mRNAs within the three A residues of the conserved TAAAT sequence just upstream of the open reading frames (31, 39) was consistent with the sequence of the cap structures. Nevertheless, subsequent reports indicated the presence of a novel modification in which additional A residues are present at the 5' end of late mRNAs (4, 33) . A complex structure consisting of a poly(A) segment interposed between the 3' and 5' ends of two unrelated RNAs was deduced by cDNA cloning and electron microscopy (4) . However, a simpler structure consisting of a short 5'-terminal poly(A) leader was consistent with the analysis 44). In these infected-cell extracts, RNAs transcribed from late genes contain a poly(A) leader (32, 44) , whereas RNAs transcribed from early genes do not (44) .
The apparent conflict in the interpretation of data regarding the structure of late mRNA from infected cells makes it difficult to proceed with mechanistic studies. Since previous conclusions were based principally on indirect analyses involving reverse transcriptase and S1 nuclease digestion of poly(A) poly(dT) hybrids (4, 33), we considered that an alternative and more direct analysis of the 5 (Fig. 1) . However, the estimated length of the cap-labeled RNA bands exceeded that predicted for transcripts initiating within the three A residues (Fig. 1C , triangles) just upstream of the ATG on the basis of S1 nuclease mapping analysis (4, 33) . The predicted sizes when using hybrid probes I and II would be 9 and 54 nucleotides, respectively, whereas the observed sizes were up to 35 nucleotides longer. These results were confirmed by using a higher-resolution gel in which a smear could be seen to be composed of finely spaced bands (data not shown).
The possibility that the heterogeneity in length was due in part to incomplete RNase (Fig. 1) .
Sequences of the oligoribonucleotides produced by RNase H digestion. We interpreted the results of the RNase H and RNase T1 cleavage experiments to indicate that up to 30 or 40 additional nucleotides are interposed between the labeled cap and the start of the RNA predicted by nuclease S1 analysis. To further determine their structure, the 5'-terminal fragments generated by RNase H cleavage were electroeluted from the polyacrylamide gel (Fig. 1A, lane 3 , bracket). Primer extension and dideoxynucleotide sequencing revealed a poly(A) track starting immediately above the AUGAA and extending for about 30 nucleotides (Fig. 2A) . The intensity of the primer extension track suggested that molecules with about 30 A residues were most abundant. Similar, although technically better, results were obtained by primer extension and sequencing of intact mRNA (Fig.  2B) .
Analysis of 5'-terminal cap structure. The 5'-terminal cap structures of total late RNA or late RNA selected by hybridization to DNA encoding the 11-kDa protein were isolated by nuclease P1 digestion and DEAE-cellulose thinlayer electrophoresis. The majority of the material migrated with the m7GpppAm marker, and less than 10% migrated in the position of m7GpppGm (Fig. 3) . This result is consistent with a previous analysis of cap structures of total late RNA labeled in vivo with 32p (5) .
The in vitro-labeled caps migrated faster than m7GpppA and coincident with m7GpppAm. Since the purified capping enzyme used for labeling lacks the 2'-O-methyltransferase, the 2'-O-methyladenosine residue must have been formed in vivo and was part of the original cap structure. Control experiments demonstrated that m7GpppA (not m7GpppAm) is produced when in vitro-synthesized 5' triphosphate poly(A) is capped and methylated by purified capping enzyme. Snake venom phosphodiesterase digestion, which liberates m7Gp, was used to demonstrate the completeness of methylation in the presence of S-adenosylmethionine.
Analysis of cap-labeled RNase T1 oligoribonucleotides. The combination of cap analysis, RNase H digestion, primer extension, and dideoxynucleotide sequencing indicated that the mRNA encoding the 11-kDa protein has the structure m7G(5')pppAmp(Ap)"UpGpApA , in which n is quite variable. To assess the variability more directly, the hybridization-selected cap-labeled RNA was digested with RNase T1, which cleaves 3' to G residues, and the resultant oligoribonucleotides were analyzed by two-dimensional polyacrylamide gel electrophoresis. Autoradiographs revealed a distinctive pattern, suggesting the presence of families of oligoribonucleotides with similar base composition but different lengths (Fig. 4) RNA that hybridized to the complementary strand of the late gene encoding the 11-kDa protein. Analysis of selected oligoribonucleotides of the major track (Fig. 4, spots 13, 14 , and 15) by nuclease P1 digestion and DEAE-cellulose thinlayer electrophoresis indicated the presence of the m7GpppAm cap, whereas oligoribonucleotides from the right adjacent track (spots 23, 24, and 25) had m7GpppGm caps (Fig. 5A ). Other minor tracks have not been analyzed but might be due to the presence of additionally methylated second nucleotides, as was reported previously (5) .
Several individual RNase T1 oligonucleotides of the predominant family were eluted from the polyacrylamide gel and subjected to partial digestion with RNase U2, which cuts specifically 3' to adenosine residues. A ladder was produced that is consistent with a poly(A) structure (Fig. SB) (lanes 1, 2, and 3) or snake venom phosphodiesterase (lanes 4 and 5). The digestion products were separated by DEAE-cellulose thin-layer electrophoresis. The electrophoresis took place in 7% formic acid at 90 W for 2 h, and an autoradiograph was prepared. Unless indicated, capping was carried out with [a-32P]GTP and unlabeled S-adenosylmethionine. The marker nucleotides were mixed with samples before electrophoresis and then visualized by UV illumination. Lanes: 1, cap-labeled total late RNA; 2 and 4, cap-labeled late RNA selected by hybridization to single-stranded DNA encoding the 11-kDa protein; 3, cap-labeled 5'-triphosphate poly(A) RNA (the latter was synthesized from denatured calf thymus DNA in vitro with Escherichia coli RNA polymerase in the presence of 2 mM Mn2" as described previously [36] ); 5, same as lane 4, except cap labeled in the absence of S-adenosylmethionine. the initial digestion, prior to two-dimensional polyacrylamide gel electrophoresis, was with RNase T1, the 3'-terminal nucleotide must be a G. Nucleotide sequencing of the 5'-terminal RNA segments produced by RNase H digestion had indicated that the next nucleotide is a U residue. In accord with this, a relative gap is present in the RNase U2 ladder just below the full-length RNase T1 products (Fig.  SB) .
From the number of partial U2 digestion products obtained, as well as their migration rates relative to oligoribonucleotides of known length (Fig. 5B) , we deduced that spots 11 and 12 have seven and eight consecutive A residues between the cap and the UG sequence, respectively. By extrapolation, the spots below 11 and 12 in Fig. 4 Fig. 4 . After two precipitations with 2.5 M an acetate and ethanol, oligoribonucleotides were subjected t analysis. (A) Cap structure analysis. Oligoribonucleotides from spots 13, 14, and 15 were combined and digested with P1. The digestion products were separated by DEAEthin-layer electrophoresis as described in the legend to Fig.  autoradiograph was made (lane 2) . Likewise, oligoribonu were isolated from spots 23, 24, and 25 and were subject same analysis (lane 3). As a control, cap-labeled RNA enc 11-kDa protein was digested with nuclease P1 and separat the same conditions (lane 1). Indicated at the left are din selecting an abundant late mRNA encoding the major 11-kDa structural protein and using an in vitro 5' labeling procedure which relies on the specificity of the vaccinia virus capping enzyme for di-or triphosphate-ended molecules. Since we knew from earlier studies (5) (1) , it follows that the labeled ends were m7G(5')pppAm originally.
Next, we wished to determine whether the labeled cap was located on leaders attached to the mRNA encoding the 11-kDa protein and, if so, to determine the length and sequence of the leader. To accomplish this, we needed a way of cutting at a precise site within the mRNA. Our approach was to make RNase H-susceptible sites by hybridizing complementary oligodeoxyribonucleotides to the mRNA. Polyacrylamide gel electrophoresis revealed that leaders of heterogeneous length up to 30 to 40 nucleotides were present. Control experiments, in which RNAs with defined 5' ends were used, ensured that neither the length estimates nor the heterogeneity was due to artifacts of RNase H digestion. Furthermore, RNase T1 digestion of the caplabeled RNA gave a family of oligonucleotides of the type m7G(5')pppAmp(Ap)"UpGp, in which n varies from a few to more than 30 nucleotides.
The present results are consistent with previous data indicating that late mRNAs contain caps with predominantly two A nucleotides following the m7G (5) and that capspecific antibody binds to the poly(A) leaders (33) . Our analysis suggests considerable variability in the length of the capped poly(A) leaders, which may be of importance in determining the mechanism of their formation. Schwer and Stunnenberg (32) reported that the length of the poly(A) leader made in vitro depended on the concentration of ATP. Although a mechanism involving reiterative transcription of T residues within the conserved ATTTAC sequence in the template strand is favored, critical experiments to rule out a mechanism(s) involving capped primers or ligation have not been carried out.
We wish to emphasize that our data do not rule out the existence of additional forms of late mRNA consisting of a poly(A) segment interposed between two unrelated RNAs (4). Indeed, we did see very long molecules, whether analysis was carried out by RNase H digestion or primer extension by reverse transcriptase. Although most of the experiments presented here pertained to RNA selected by hybridization to the 11-kDa protein gene, essentially similar results were obtained with total vaccinia virus late RNA, indicating that the capped poly(A) leader structure must be a function of many late RNAs.
